Abstract tion method misrepresents the underlying state of the stomata as being either open or closed, when there is The aim of this research was to investigate the nature little evidence for this from measurements of stomatal of heterogeneity in stomatal conductance and, in dimensions. For these unstressed plants under relaparticular, to determine whether the characteristic tively stable conditions, it is concluded that the 'unit 'patchy' pattern of water infiltration is reflected in of variability' in stomatal heterogeneity may rest at the measurements on individual stomata. Silicone rubber individual pore ('micro') scale, rather than at the replicas were made of primary leaves of glasshouseareolar patch ('macro') scale, or above. grown Phaseolus vulgaris L. plants, and the leaves were then infiltrated with water at controlled sub-
Introduction correlated with the prevailing stomatal conductance.
Heterogeneity in stomatal activity at the whole leaf scale In four of the leaves, a one millimetre wide transect was first observed nearly a century ago by Francis Darwin across the leaf was selected for further detailed study.
(1898), whose 'horn hygroscope' porometer gave different Measurements of mean peristomatal groove distance readings on different parts of leaves. Little further work (PGD) and stomatal frequency were made along the on this phenomenon was carried out until the 1960s, transect and related to the state of infiltration. Analysis when a series of more sophisticated measurement techof variance indicated that, in all four cases, variation niques became available, and several authors described in PGD among patches was highly significant, but there spatial variation in leaf temperature and water vapour was no significant difference between patches of difconductance (Slavik, 1963; Cook et al., 1964; Raschke, ferent infiltration categories. Thus, local (patch-level) 1965). However, the number of measurements per leaf in variation in stomatal aperture appeared to bear no these studies was generally small and, consequently, it relation to the infiltration status of the patches. The was not possible to deduce the fine detail of variation in dominant source of stomatal variability was between stomatal conductance ( g s ). individual pores in the same locality, which accounted
In the late 1980s and early 1990s, several reports for 82% or more of the total variability. Taking into described 'patchy' stomatal behaviour, where stomata account variation in stomatal frequency, correlations
seemed to be open in some areas of the leaf, but closed between predicted stomatal conductance and the in adjacent areas. These studies involved a range of extent of infiltration were significant in only one out indirect methods, often based on measurements of photoof the seven leaves studied. Possible reasons for these results are discussed. It is suggested that the infiltrasynthetic performance: for example, staining of newly formed starch with iodine ( Terashima et al., 1988); auto-(Pospíšilová and Š antrů ček, 1994; . radiographic measurements of 14CO 2 uptake (Downton et al., 1988; Gunasekera and Berkowitz, 1991) ; and Against this background, the aim of this paper is to investigate the nature of heterogeneity in stomatal condetection of non-photochemical chlorophyll fluorescence (Daley et al., 1989; Mott and Parkhurst, 1991; Mott ductance and, in particular, to determine for a typical mesophyte whether the patchy nature of water infiltration et al., 1993; Cardon et al., 1994; Mott, 1995) . Meanwhile, a more direct method of observation was developed by is reflected in measurements on individual stomata. While Eckstein et al. (1996) demonstrated that patchiness found Beyschlag and co-workers, whose water infiltration technique appeared to demonstrate patchiness in g s with vacuum infiltration was correlated with patchiness evident in non-photochemical chlorophyll fluorescence (Beyschlag and Pfanz, 1990; Beyschlag et al., 1992) .
For certain evergreen sclerophylls, Beyshlag et al. quenching, it remains to be seen whether such observations can be correlated with direct measurements of (1992) concluded that stomatal patchiness revealed by infiltration was the result of stomata being in either 'fully stomatal behaviour. In this study, primary leaves of Phaseolus vulgaris L. were used, as this species is known open' or 'closed' (i.e. binomial ) states within patches. However, they did not find this for all the species studied, to be heterobaric (Gunasekera and Berkowitz, 1991; Lawson, 1997) and to show patchy leaf infiltration and in other reports, researchers have interpreted spatial variability in stomatal activity as gradients or trends. For . Because the resolution of light microscopy might lead to excessive errors in measureinstance, leaf temperature maps across the leaf surface in Helianthus annuus were taken to indicate relatively smooth ments of stomatal aperture (van Gardingen et al., 1989; , a surrogate measure was transitions in evaporation rate (Hashimoto et al., 1984) . Similarly, the detailed observations of individual pore employed, in the form of the peristomatal groove distance (PGD) obtained from silicone rubber leaf replicas taken widths made by Smith et al. (1989) were interpreted as smooth transitions rather than patches. Other evidence immediately prior to infiltration (Lawson et al., 1998) . for species differences was detailed in the pioneering study by Terashima et al. (1988) ture. These authors suggested that the key anatomical Experiments were carried out on fully expanded primary leaves feature determining patchy stomatal opening is the pres-( length range 84-110 mm) from plants that were 2-3-ence of bundle sheath extensions between areolae. It was weeks-old. Plants were well watered using capillary matting. The temperature was maintained above 15°C at night and thought that patchy stomatal behaviour might be more rarely exceeded 35°C during the day. Supplementary light commonplace in 'heterobaric' leaves which possess bundle (PPFD#100 mmol photons m−2 s−1) was provided from 08.00 h sheath extensions and hence pneumatically isolated interto 24.00 h by 400 W Na vapour lamps 0.75 m above the plants. cellular air spaces, while trends in stomatal behaviour might be more likely in the 'homobaric' type of leaf in Stomatal measurements which the internal gas phase was continuous rather than Leaf conductance measurements were taken on the abaxial leaf surface using a Delta-T MK3 diffusion porometer (Delta-T compartmentalized.
Devices, Cambridge, UK ) fitted with a standard 20×1 mm Another problem was raised by Lauer and Boyer measurement cuvette. An 'out-to-in' stratified random sampling (1991) , who criticized the assumption that non-uniform pattern was adopted which avoided shading of areas that had measurements of photosynthesis necessarily imply nonyet to be sampled. A calibration curve was constructed at the uniform stomatal conductance. They pointed out that beginning of each investigation. Leaf conductance was then calculated using the program published by Monteith et al. such patterns could also arise from non-uniform biochem- (1988) .
ical activity or translocation, and reasoned that only Xantopren L Plus silicone impression material and hardener direct measurements would allow non-uniform stomatal (Beyer Dental, Leverkusen, Germany) were mixed in the activity to be identified with certainty. Weyers and approximate ratio 12:1 ( Weyers and Johansen, 1985) and Lawson (1997) further proposed that the true nature of smeared over the entire leaf surface in situ. After hardening (about 1-2 min), the resulting negative leaf surface replica was 'macro' forms of stomatal heterogeneity (i.e. patches then carefully peeled off and the leaf detached for vacuum versus gradients/trends) could not be determined without infiltration. A 10 mm wide transect across the leaf was selected reference to the 'micro' variation among individual from the negative impression and cut into 10×10 mm squares, pores, which, they pointed out, was generally high. across the leaf was selected for detailed observation. Stomatal (SA) could be obtained from PGD readings using the relationship SA=1.123 (PGD) −17.249; and (c) that the pore depth dimensions were measured using a light microscope at a total magnification of 500-fold. The peristomatal groove distance was constant at 8.1 mm. The end correction used was (pore area/p)0.5, after Nobel (1991) . (PGD, Lawson et al., 1998) was measured by eyepiece graticule at the widest part of the guard cells. Ten PGD measurements Photographs of infiltrated leaves were scanned using a Scanjet 2C (Hewlett Packard Co., Corvallis, USA) and the image were made for each mm of the transect. For stomatal frequency (SF ) estimates, all of the stomata in each 1×1 mm square were digitized using the Fluovision image analysis program (Improvision Image Processing and Vision Company Ltd, counted, accounting appropriately for those falling on the edges and corners of the squares .
Coventry, UK ). A 'density slice' routine allowed the noninfiltrated areas to be highlighted within the image for further analysis. Readings of relative image intensity were averaged Leaf infiltration over the same segments as used for PGD and SF determinations, An infiltration technique similar to that of Beyschlag and Pfanz those relating to images of veins crossing the transect being (1990) was used. Immediately after the stomatal impression removed beforehand. was taken, the leaf was detached from the plant and submersed abaxial surface up in a 500×10−6 m3 side-arm flask containing 75×10−6 m3 of water. Air was extracted for 15 s whilst systematically shaking the flask in order to keep the leaf under Results water and remove any air bubbles adhering to the surface of Seven P. vulgaris primary leaves (A-G) were analysed in the leaf. The pressure was then restored quickly to the ambient detail following infiltration. sub-atmospheric pressure, such that the proportions of infiltrated and non-infiltrated areas were balanced.
Data analysis
The minimum g s in each leaf varied from 0 to 480 mmol PGD data were transformed using a reciprocal power function with the ratios of the extremes of ranges varying between 1.4-and 1.9-fold ( Table 1) . This was consistent with the
The mean formula mass of air was taken as 40.9 mol m−3 at high spatial variability in g s ( Table 1 ). There was an even 1.56-to 3.42-fold ( Table 1) .
and at 0.9 thereafter (Cowan and Milthorpe, 1968 aSignificance of variation between infiltration categories, compared with that among patches within each category. bSignificance of variation among patches, irrespective of infiltration category, compared with that among individual pores. cA negative value arises because this is an unbiased estimate of a proportion close to zero. scale ( Table 2 ). The hypothesis that high PGD values were associated with infiltrated patches was tested by nested analysis of variance (ANOVA) on data which had been transformed to a near-Normal distribution. Variation of patches between infiltration categories was non-significant in all four cases (P>0.1), so the null hypothesis of no difference in PGD between infiltration categories was accepted. Variance (among patches) between and within infiltration categories was then pooled, to test whether overall variation among patches was significant with respect to variation among individual −2.9% to 4.5% to differences between infiltration categorIn (a) and (c), the curve represents the running mean of data for ies ( Table 2) .
sequential 3 mm segments of transect, fitted using a spline function. In (b) and (c), vertical bars are ±95% confidence limits for the patch and
Further analyses of the transect for leaf A are detailed 1 mm segment means respectively. In all three graphs, vertical dashed in Fig. 2 . The digitized image of the infiltrated leaf ( Fig. 1) lines indicate the positions of secondary veins which were visually was used to provide an objective measure of the state of identified as points of transition between infiltrated and non-infiltrated patches.
infiltration ( Fig. 2a) . The distribution of values is as expected, being essentially bimodal, with a set of relative density readings at about 50-70 units corresponding to non-infiltrated areas and a set at about 120-140 units where the leaf was infiltrated. Inspection of the transect data indicated that intermediate values were associated with transitions between infiltrated and non-infiltrated areas of leaf. When mean data for the patches are presented in bar chart form (Fig. 2b) , the lack of correlation between the state of infiltration and the mean PGD values can easily be seen. Indeed, the non-infiltrated patch D has a higher mean PGD than any of the infiltrated patches (A, C or E ). The high degree of variability in PGD, reflecting a high degree of variability in stomatal aperture, is evident Table 1 in this paper and Table 1 of Lawson et al., 1998) : stomatal aperture, 0-10 mm; stomatal frequency, ponding to infiltrated and non-infiltrated patches, nor for pores mm−2; pore length, 13.1-18.1 mm; pore depth, 7.1-9.1 mm.
'tails' of wider PGD values in infiltrated patches (data Stomatal conductance to water vapour was predicted using the equation not shown).
given in Materials and methods. The vertical line represents the conductance obtained using the mid-range value for each variable; this
The variable nature of the PGD data is also emphasized that there was an abrupt change in mean PGD at the transition between patches (about 39 mm along the transect, between patches E and F ). In other cases, there was (r=0.465, n=36, P<0.01). This one significant case could be explained by the influence of the large patch E no abrupt change in PGD at patch boundaries. Moreover, within some patches, there was some evidence of a which had a large number of low PGD values, resulting in predicated g s values of zero, despite some underlying gradient in PGD rather than a plateau of constant values (e.g. within patch B).
variation in PGD ( Fig. 2c ; Lawson et al., 1998) . The possibility was examined that anatomical factors other than stomatal aperture might determine stomatal Discussion conductance at the patch scale and thereby influence the infiltration event. A standard formula (Nobel, 1991) was This study on transects across Phaseolus vulgaris primary leaves revealed little evidence for a bimodal distribution used to determine the sensitivity of stomatal conductance to changes in selected anatomical factors ( Fig. 3) . While of abaxial stomatal apertures corresponding to the pattern of infiltration when leaves were partially evacuated then variation in pore aperture was the most important determinant of conductance (i.e. had the steepest slope in repressurized under water. This result runs somewhat contrary to findings with other species that average values Fig. 3 ), this analysis revealed that variation in stomatal frequency ( Table 1 ) was likely to be the next most potent of leaf conductance or non-photochemical quenching were directly related to the extent of infiltration influence. At mid-range values for all other parameters, the relative influence of changes in stomatal frequency, (Beyschlag and Pfanz, 1990; Beyschlag et al., 1992; Eckstein et al., 1996) . Of course, it could be that other pore length and pore depth were 45, 16 and 10%, respectively, compared with that of changes in stomatal pores within the patches, in areas not traversed by the transect, were open wider than the notional threshold aperture (100%).
To take account of the potential effects of variation in value for infiltration. However, this possibility obviously requires a significant degree of within-patch variation that stomatal frequency, 'estimated stomatal conductance' was correlated with the 'degree of infiltration' for the relevant is itself not consistent with an hypothesis of a bimodal open/closed distribution of apertures. Another potential area as ascertained from the digitised image of the infiltrated leaf. The estimated conductance of each explanation of the results is that infiltration may take place across either the upper or lower epidermis in 1 mm segment was obtained from stomatal frequency and aperture measurements, assuming constant mid-range amphistomatous leaves ( like those of P. vulgaris), and that the surface allowing water passage may not be the values of stomatal depth and length ( Fig. 3) . In six out of seven cases, this correlation was not significant same in all areas of leaf: Mott et al. (1993) observed that assumed conductances in corresponding areas on either (i.e. P>0.05), but in the case of leaf A, it was significant surface of Xanthium strumarium leaves did not always vidual pores behave independently, each pair of guard cells responding to its own micro-environment and past vary in the same direction. Even taking these possibilities into account, and bearing in mind that the ratio of history of movement, hunting via feedback processes for some shifting ideal aperture state. However, the limited stomatal density on the lower:upper surfaces of these leaves was of the order of 12:1, the inescapable conclusion evidence available from short-term studies on epidermal strips does not support this conclusion-differences from these results is that the binary act of infiltration misrepresents the underlying state of the stomata in between adjacent pores are maintained as a common response to a stimulus is observed (Saxe, 1979; Kappen unstressed P. vulgaris leaves.
In the context of the high degree of variation observed et al., 1987) . One reason for the relative homogeneity in responses of neighbouring stomata could be that the among individual stomata, it is intriguing that there are significant among-patch differences unrelated to the state micro-environment is homogeneous on a similar scale. Alternatively, both modelling and experiments (Haefner of infiltration; however, these appear to be related to gradients in mean pore width over the leaf surface that et al., 1997; Mott et al., 1997) indicate that hydraulic links between stomatal complexes might produce are organized without reference to areolar boundaries. Such results are pertinent to a fundamental problem co-ordinated stomatal behaviour at this scale. The leaves used in this study were essentially unstressed, concerning the nature of heterogeneity in stomatal activity: whether the 'unit of stomatal response' is the indiand it is possible that the extent and 'contrast' of patchy stomatal behaviour is dependent on the severity of applied vidual pore, the areolar population, or some other grouping . A high degree of treatments. Patchy photosynthetic behaviour has most often been observed where the overall stomatal conduct-'micro' variation would imply the first possibility, whereas patchiness with relatively constant stomatal aperture ance is likely to be declining rapidly. Examples of the relatively traumatic treatments that have been used values within each areola would imply the second type of heterogeneity. As P. vulgaris is heterobaric, one might include: application of high concentrations of abscisic acid (Downton et al., 1988; Terashima et al., 1988) ; have expected there to be a greater chance of finding patchy stomatal behaviour due to diffusive mixing of imposition of severe water deficit stress (Sharkey and Seeman, 1989; Gunasekera and Berkowitz, 1991 ; gases in the air spaces within areolae (Sharkey, 1990) . However, from the evidence presented here, it seems that Matthews and Omasa, 1992); exposure of roots to salt water ( Flanagan and Jeffries, 1989) ; and sudden changes variation among individual pores may dominate as a source of variability ( Table 2 ), and that spatial trends in in vapour pressure deficit (VPD) or photosynthetically active photon flux density (PPFD; Loreto and Sharkey, aperture may occur both within and between areolae ( Fig. 2c) . This finding is similar to the observations of 1990; Mott and Parkhurst, 1991; Dü ring, 1992; Eckstein et al., 1996) . Perhaps the delicate physiological mechanSmith et al. (1989) , on Commelina communis, a species with homobaric leaves, and to those of Beyschlag et al. isms controlling the dynamic balance between photosynthesis and transpiration need to be disrupted severely (1992) for the heterobaric leaves of Quercus coccifera.
Since patchy infiltration does not necessarily represent before clearly bimodal patchiness in stomatal behaviour would be observed. Supporting this are observations the nature of heterogeneous stomatal behaviour in P. vulgaris, care should be taken in interpreting this and suggesting that transient errors in intercellular CO 2 concentration (C i ) estimates are due to a transient increase other techniques. Both the fundamental nature of the method (as with infiltration), and the representation in 'contrast' among patches (Mott, 1995) . On the other hand, these and other results obtained by applying high of results in a 'contrasty' manner (as with nonphotochemical quenching), may suggest that patchiness concentrations of ABA via the petiole are also consistent with a strong closing stimulus spreading out from the is binomial in nature, whereas data involving a range of infiltration liquids (Beyschlag et al., 1992) and careful veins, rather than imposition of patchiness in random areolae over the leaf. The observed results might, thereanalysis of pixel intensities (Mott, 1995) do not support this interpretation in all cases. Furthermore, close examfore, reflect local differences in the timing of responses rather than in the absolute response itself. ination of non-photochemical quenching data from a number of sources reveals that the boundaries of areas While there is a large body of evidence that nonphotochemical quenching is correlated with stomatal conof patchy photosynthetic performance do not always correspond with the larger veins that could demarcate ductance when both assimilation and conductance are in steady-state (Daley et al., 1989; Mott, 1995) , there is also the edges of pneumatically isolated areolae (Mott et al., 1993; Cardon et al., 1994; Mott, 1995; Buckley et al., a school of thought that photosynthesis is not as closely linked to g s as is normally assumed. Some research groups 1997), indicating that in these cases within-areolar conductances are unlikely to be constant.
have found evidence that intrinsic variation in photosynthetic activity might lead stomatal behaviour, rather The fact that variability in pore width within small areas of leaf is extremely high could indicate that indithan vice versa. For instance, Lauer and Boyer (1992),
